, et al.. Twophoton intravital imaging of lungs during anthrax infection reveals long-lasting macrophage-dendritic cell contacts
T he lung is a crucial and yet very delicate organ dedicated to gas exchange through a thin alveolar-capillary wall (1) . The obscure side of this highly efficient system is the constitutive fragility of its extensive exchange surfaces. The tour de force of the lungassociated immune system consists of its innate ability to protect against infection and pollutants while maintaining an anti-inflammatory environment (2) . This complicated balance is achieved by a network of scattered cells such as alveolar macrophages on the outer side of the alveoli and different subsets of interstitial dendritic cells (DCs) (3) .
Recent advances in intravital microscopy (IVM) using twophoton excitation fluorescence (TPEF) have profoundly improved our understanding of the immune system dynamics in most organs, except the lungs (4) . A detailed account of hostpathogen interactions in diverse tissues has been given (5-11), but lung immune system investigation by IVM has lagged due to the lack of a noninvasive and effective method taking into account lung features.
Recent studies have addressed rigorous lung parenchyma IVM using TPEF in inflammation models (12) . Two alternative a priori stabilization methods have been used by others to restrain movement compatible with imaging, based either on gluing the parenchyma onto a frame (13) or on a suction system stabilizing the lung under a glass window (14) . These techniques, although effective for various purposes, are not optimal, as they alter the physiological motion of the parenchyma and may provoke unexpected reactions.
We describe here an alternative approach for studying the lung by IVM based uniquely on a posteriori tissue motion correction. We take advantage of the fibrillar collagen pattern given by second harmonic generation (SHG) signals as a reference for frame registration and removal of wobbling images. This method allows acquisition in two spatial dimensions of immune cell dynamics in the lung of anesthetized mice, without any chest mechanical stabilization. While previous studies of the lungs have mainly focused on microvascularization (14) and/or inflammation (13, 15) , we describe here for the first time dynamic cross talk between two major immune cell populations (macrophages and DCs) after infection by Bacillus anthracis, the causative agent of anthrax that affects livestock and humans.
B. anthracis infection through the lungs causes a fulminant infection (16) . Lung DCs transport inhaled spores to lymph nodes, where germination occurs and gives rise to septicemia, toxemia, and rapid death (2, 17) . In the lung at the cellular level, we have previously shown that on the one hand alveolar macrophages capture spores within minutes, while on the other hand conventional CD11b CX3CR1 DCs take over after 30 min and transport spores to the lymph nodes (18, 19) . At that time, no link between these phenomena had been established.
Here, we dissect the early steps of B. anthracis pulmonary infection by using an improved lung IVM method in conjunction with TPEF and SHG. In this paper, we show for the first time that the response to infection includes scanning of macrophage surfaces by DCs expressing the CX3CR1 fractalkine receptor. This process not only could embody the missing link to the comprehension of spore sampling at the lung level in anthrax infection but, more generally, might lead to a better coordination of the immune response following bacterial infection through an immunological synapse-like mechanism.
MATERIALS AND METHODS
Animal care. All experimental procedures were performed in accordance with governmental guidelines for the care and use of laboratory animals and were also approved by our institutional ethics committee. CX3CR1 Imaging setup. TPEF imaging was performed on a Zeiss LSM 710 NLO microscope equipped with a W Plan-Apochromat 20ϫ numerical aperture (NA) 1.0 differential inference contrast (DIC) M27 75-mm water immersion objective. Excitation was produced at 854 nm by a tunable pulsed laser (Chameleon; Coherent, Santa Clara, CA). SHG was epicollected by a dedicated nondescanned detector (NDD) coupled with a 427-Ϯ 20-nm bandpass filter, green fluorescent protein (GFP) by a 500-to-550-nm NDD, rhodamine B or Alexa Fluor 568 by a 565-to-610-nm NDD, and Alexa Fluor 633 by a 660-to-730-nm NDD (see Fig. S1A in the supplemental material). z-stacks are rendered using a maximum-intensity projection.
In situ experiments. Lung explants were bisected with a vibratome (Leica). Samples were glued onto a petri dish filled with 37°C RPMI medium (minus phenol red) using Vetbond (3M Co., Maplewood, MN) (20) . Sample drift was corrected using a strategy previously described (21) .
Macrophage staining and flow cytometry. Five hours prior to the experiments, mice were intranasally administered 500 g of rhodamine B-dextran or fluorescein isothiocyanate (FITC)-dextran (10 kDa) diluted in 30 l of warm PBS (22) . Bronchoalveolar lavage (BAL) fluids and lung-derived cells were collected. Cells were incubated with phycoerythrin-labeled anti-CD11b and allophycocyanin-labeled anti-CD11c antibodies (BD Biosciences, Le Pont de Claix, France). After 45 min incubation at 4°C, cells were washed and resuspended in a Hoechst 33258 solution prior to analysis. Cells were analyzed on a LSR II flow cytometer (BD Biosciences, Franklin Lakes, NJ) and data interpreted with Flowjo software (Treestar, Ashland, OR). All interpretations were performed after doublet and dead cell exclusion.
Surgical preparation for in vivo imaging. Anesthetized mice were placed in the right lateral decubitus position under a flexiVent mechanical ventilator (SCIREQ Inc., Montreal, Canada) and ventilated at 120 breaths per minute with 2 cm of H 2 O positive end-expiratory pressure. Two to three ribs were surgically removed, revealing the left, anterior lung surface (14, 20) . A 12-mm-diameter glass coverslip was placed upon the resected ribs and gently maintained using a window system adapted from a previous study (23) (see Fig. S1B in the supplemental material). Care was taken not to limit lung motion due to ventilation.
RESULTS
In vivo image postprocessing. In order to overcome a posteriori chest motion occurring during image acquisition, our strategy aimed at (i) acquiring an in vivo high-rate series of images after surgery but without mechanical stabilization of the lung and (ii) extracting only one image every minute within each series so as to get rid of wobbling images due to tissue motion.
Five-second TPEF imaging sequences were performed every minute on a living mouse at 10 frames per second, resulting in the acquisition of fluorescent markers of cells (GFP for CX3CR1-DCs) and of second harmonic generation (SHG) signal from fibrillar collagen in the lung, which provides information on alveolar structures. In the resulting time series, most of the images show important deformations due to thoracic motion. One image exhibiting no deformation was chosen. The collagen pattern coming from SHG ( Fig. 1A) was then used as a frame of reference for the following image registration phase.
The normalized two-dimensional (2D) cross-correlation coefficient between the frame of reference and every single SHG frame was computed using Matlab (Mathworks, Natick, MA). The frame maximizing this coefficient was extracted in each time series (Fig. 1B) . The residual (x, y) drift was corrected using a rigid estimation of the transformation between the selected frames (21, 24) ( We further tested if our procedure could induce a vascular leak, which would have indicated lung lesions, as previously shown (14) . Flk1 gfp mouse were ventilated for 2 h and injected intravenously with rhodamine B-dextran (70 kDa). The mice were then used for in vivo imaging with an adapted procedure using the GFP for the frame of reference. We could not detect any extravascular leak of rhodamine B-dextran (70 kDa) (see Fig. S1A ; see also Video S4 in the supplemental material).
In vivo imaging of spore-DC contacts. We applied this method to in vivo imaging of the lung of CX3CR1 mice 5 h after infection by B. anthracis spores ( Fig. 2A ; see also Videos S5 and S6 in the supplemental material). We selected this time as we had previously shown by running in situ experiments that it was appropriate for imaging the capture of spores (19) . In vivo time-lapse experiments showed spores close to CX3CR1-dendritic-like cells spread on the collagen grid. We and others have previously shown that DCs could be differentiated via their roundness coefficient (15, 21) . By using the instantaneous roundness coefficient defined as a normalized ratio between area and perimeter, we could assess that those cells were mostly CX3CR1-DCs (Fig. 2B) . In contrast to our expectations, we saw only scarce events of direct spore capture by CX3CR1-DCs (20) . A closer analysis of spore movements along the DCs clearly revealed a synchronous movement of at least two spores along the CX3CR1-DC (Fig. 2C , red and white tracks). As spores do not have any means to move by themselves, we hypothesized that those spores were already phagocytized in an unstained cell of a different lineage in close contact to a CX3CR1-DC. The most efficient phagocytes in the lung are alveolar macrophages, which at this stage represent the best candidate for this cell making contact with CX3CR1-DCs in vivo. Some images taken later revealed a large amount of spores packed in phagosomes of unstained cells very close to CX3CR1-DCs ( Fig. 2D and E) . Taken together, all these data imply CX3CR1-DC and macrophage contacts in the lung in vivo.
In vivo imaging of macrophage and DC behaviors. We administered FITC-dextran to CX3CR1 mice by an intranasal route before infection to perform in vivo staining of macrophages (22) . We checked by flow cytometry that a large majority of dextranloaded cells exhibited a phenotype of CD11b-negative CD11c-positive macrophages in the total lung population (99%) and in zii00214/zii0521d14z xppws Sϭ1 12/11/13 10:34 4/C Fig: 1,2,3 ,4,5,6 ArtID: 01184-13 NLM: research-article CE: jtc bronchoalveolar lavages (95%) (Fig. 3A) . For microscopy experiments, we used rhodamine B-dextran instead of FITC-dextran as the FITC detector was used for GFP of CX3CR1 cells. This fourcolor TPEF in situ imaging setting allowed us to discriminate the specific signal from macrophages that colocalized with Alexastained spores after infection (Fig. 3B) . Interestingly, after infection we observed macrophages filled with spores intermingled with DCs. Infection enhances contacts between macrophage and CX3CR1-DC. Interestingly, we observed a significant increase of the contact ratio induced by B. anthracis spores (Fig. 3C) . As infection induces recruitment of different cell populations, including CX3CR1-monocytes in the lung, we compared the contact numbers by using a normalized ratio not affected by the recruitment of one or both of these populations. This normalized ratio was defined as the number of contacts divided by macrophage and CX3CR1 cell numbers. The normalized ratio of contact was calculated as an average of 10 randomly chosen in situ images (200 mby200mby100m) from the same mouse. To avoid taking into account false positives, Z-stacks were not projected. The increase of contacts was not correlated with an increase of mean cell velocity in both CX3CR1 cells and macrophages at 5 h postinfection (Fig. 3D) .
Dynamic imaging of macrophage-CX3CR1-DC contacts. By analyzing the dynamics of macrophage and DC contacts by performing in situ imaging under conditions favorable for preserving cell dynamics, we observed that contacts were related to movements of both CX3CR1 cells to macrophages ( Fig. 4A and B ; see also Videos S7 and S8 in the supplemental material) and macrophages to CX3CR1 cells. We observed that the linear velocity of the DC involved in a contact with a macrophage increased from 0.19 m/min during contact to 0.72 m/min immediately after contact (Fig. 4B) . Even though macrophages may transfer spores or antigenic material to CX3CR1-DCs, as suggested by previous in vitro work (25) , we could neither observe such a transfer nor rule out that possibility, as infected macrophages appeared to be in close contact with DCs ( Fig. 5A ; see also Video S9 in the supplemental material) and with infected CX3CR1 cells (Fig. 5B) . In several instances, CX3CR1 cells behaved in situ as scanning the surface of the macrophages over time (up to 30 min), compatible with exchanges of information between cells.
Eventually, we observed CX3CR1-DC and macrophage con- zii00214/zii0521d14z xppws Sϭ1 12/11/13 10:34 4/C Fig: 1,2,3,4 ,5,6 ArtID: 01184-13 NLM: research-article CE: jtc tacts during in vivo experiments performed on infected mice. We observed that contacts could occur in vivo over a period as long as 15 min ( Fig. 6 ; see also Video S10 in the supplemental material), suggesting that significant signals may be exchanged between those two cells during that time.
DISCUSSION
Intravital microscopy of the lung from live rodents (i.e., mice) has been achieved only minimally during the past decade due to tissue motion coming from both breathing and heartbeat movements (12, 26) . So far, the only way to overcome this major obstacle has been by mechanically stabilizing the lung. While gluing the parenchyma (13) or generating a negative pressure between the organ and a glass window (14, 15, 20) could lead to observations of cell behavior during an inflammatory stimulus or asthma, to our knowledge nothing has been published concerning the immune response in lungs following infection. In our study, we have not only demonstrated that mechanical stabilization of the lung to achieve IVM is dispensable, but we have also provided novel insights into the triangular interactions between B. anthracis spores, macrophages, and DCs. Our results reveal, for the first time, in vivo long-lasting contacts between zii00214/zii0521d14z xppws Sϭ1 12/11/13 10:34 4/C Fig: 1,2,3,4 ,5,6 ArtID: 01184-13 NLM: research-article CE: jtc these major immune cell populations when confronted by a bacterial pathogen. Our approach, based on postprocessing of timeoversampled acquisitions, utilizes SHG signal coming from fibrillar collagen as a reference for frame registration (Fig. 1) . The main limitation of this method is that information from sample depth is lost due to unforeseeable chest motion, preventing 3D experiments. Future work could address this issue by synchronizing breathing and acquisition. zii00214/zii0521d14z xppws Sϭ1 12/11/13 10:34 4/C Fig: 1,2,3,4 ,5,6 ArtID: 01184-13 NLM: research-article CE: jtc This lung IVM method was combined with experiments performed on lung slices maintained under conditions favorable to cell dynamics. Precision-cut lung slices were prepared according to previously published procedures (27) , with the exception that we did not fill the lungs with agarose (21) . This method, allowing in situ imaging experiments, may avoid possible artifacts in alveolar cell behavior, making it more appropriate for the detection of slight immune cell displacements.
By using these methods on CX3CR1 mice, we have witnessed close interactions between B. anthracis spores and DCs not only in situ but also in vivo (Fig. 2 and 3 ). Because we were mostly interested in the early stage of spore capture (i.e., before germination), these results obtained with the acapsulated Sterne strain hold true for fully virulent strains. We did not observe any bacilli on our images, mainly because we chemically stained the exosporium that is lost during germination. It should be kept in mind that germination in the lung in this model is very rare. In our hands, we have never observed any significant level of germination in the lung (18, 28) by using Sterne strain in C57BL/6 mice. This is consistent with what is observed in immunocompetent mice by using bioluminescent strains (29) .
Our observations led to two lines of thinking. First, the expected capture of spores by CX3CR1-DCs previously reported (19) appeared to be very scarce. Second, the synchronous motion of spores alongside the DC's surface (see Video S3 in the supplemental material), in addition to the gathering of multiple spores bordering DCs ( Fig. 2A and C) , strongly implies a previous capture of these spores by a CX3CR1-negative phagocyte. Specific in vivo staining of macrophages by rhodamine B (Fig. 3B ) offered the possibility of simultaneous imaging of macrophages and GFPexpressing DCs after infection with Alexa Fluor-stained B. anthracis spores and imaging of fibrillar collagen by SHG detection. This multicolor imaging setup allowed a further statistical documentation of DC and macrophage populations following infection, revealing a significant increase of macrophage-DC contacts after infection (Fig. 3C) . These data provide compelling evidence on the functional role of macrophage-DC contacts in the lung. Interestingly, the contact ratio increase does not appear to be correlated to any change in the speed of cell motion (Fig. 3D) .
Taken together, these data require reexamination not only of the entry path of B. anthracis spores in the lungs but also of the role of cooperative interactions between macrophages and DCs.
After inhalation of B. anthracis spores, a fraction of spores enters the host immune system via the nose-associated lymphoid tissues (29, 30) , while another fraction reaches the alveoli. They enter the host immune system via the draining lymph node, predominantly transported by DCs (2). In the lung at the cellular level, we have previously shown that alveolar macrophages capture spores within minutes in a first step, whereas DCs take over after 30 min and transport the spores to the lymph nodes (18). zii00214/zii0521d14z xppws Sϭ1 12/11/13 10:34 4/C Fig: 1,2,3,4 ,5,6 ArtID: 01184-13 NLM: research-article CE: jtc Until now, these two processes have appeared to be independent of one another. Our data tend to refine this model and demonstrate a cooperative role between macrophages and DCs. Upon triggering by the infection, the cross talk between macrophages and DCs may result in an exchange of information. Although we never observed spore transfer, it is plausible that macrophages and DCs exchange pathogen-derived particles in vivo, which could not be directly seen because of the spatial resolution of our system. Another option would be the exchange of exosomes containing pathogen-derived antigens released by macrophages directed to DCs. Exosomes are small (50-to-100-nm diameter) membrane vesicles secreted following the fusion of internal compartments known as multivesicular endosomes that can play the role of a vesicular carrier (31) . Interestingly, exosomes from macrophages infected by Mycobacterium bovis BCG can activate bone marrowderived DCs in vitro and CD4 ϩ and CD8 ϩ T cells in vivo (32) . More recently, exosomes from Mycobacterium tuberculosis-infected macrophages administered intranasally have been used as a cell-free vaccine model (33) . Still, we have observed what might be the last phase of spore transfer from macrophage to CX3CR1 cell (Fig. 5B) . This mechanism was recently suggested in vitro (25) but, to our knowledge, has never been reported in situ or in vivo. Nevertheless, directed cytokine release or ligand-receptor triggering during long-duration (Ͼ30-min) contact between macrophage and DC is most likely and may impact the delicate balance between tolerance and immunity within the lung.
Synapses are defined as close cell-cell contacts whereby information is selectively transmitted. Immunological synapses were first described in the immune system at the interface between innate and adaptive cells, but the definition has recently been extended to NK cells and more recently to phagocytes (34) . We have observed in situ and in vivo what may be a novel type of immunological synapse. The putative role of such synapse-like contacts between macrophages and DCs is still to be defined. However, infection leads to an increase of contact probability, suggesting that they play a role in the control of infection. Future investigations should clarify whether or not contacts occur due to chemotaxis by determining whether infection enhances the macrophage-DC contact ratio through an increase of contact duration or through an increase of contact probability. This IVM-based study, which aimed to remove the need for mechanical stabilization of the lung and therefore diminish its invasiveness, highlights for the first time macrophage-DC contacts in this organ. These contacts may be the missing link for further understanding pathogen sampling by DCs through a triangular interaction between macrophages, DCs, and inhaled pathogens, eventually leading to the triggering of an adaptive immune response via an immunological synapse-like process.
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